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Methods
Mouse Production
Global α1 knockout mice were produced as previously described (Vicini et al., 2001 ). Mice heterozygous for a floxed α1 allele (exon 8 flanked by loxP sites) and a cre-recombined, inactive α1 allele that lacks exon 8 were interbred to produce homozygous floxed controls, and heterozygous and homozygous global knockouts.
Expression of the unrecombined floxed allele does not differ from wild type α1 expression; the recombined α1 allele is a true null allele (Kralic et al., 2002; Vicini et al., 2001 ). Global knockouts and controls were of a mixed C57BL/6J X Strain 129S1/X1 x FVB/N hybrid background (Vicini et al., 2001 ) of the F 6+ generation.
αCamKII-cre transgenic mice, line T29-1 (Tsien et al., 1996) , were crossed with B6;129S4-Gt(ROSA)26Sor tm1Sor /J (Soriano, 1999) or B6.Cg-Tg(xstpx-lacZ)32
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All mice were maintained under a 12-h light dark schedule with lights on at 7am.
Mice were group housed, provided ad libitum access to food and water, and genotyped by Southern blot analysis. All experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals by the NIH and were approved by the Institutional Animal Care and Use Committees at UCSF and Pittsburgh.
Histology and Immunohistochemistry
Tissue sections derived from mice at 8 weeks of age were analyzed for cre activated β-galactosidase staining to determine the extent of recombination throughout the brain using standard techniques (Tsien et al., 1996) . Slides were counterstained with eosin and examined by light microscopy.
For GABA A -R α1 immunostaining, animals (56 days of age) were deeply anesthetized with pentobarbital (Nembutal, 40 mg/kg) and perfused transcardially (Fritschy and Mohler, 1995) . The GABA A -R α1 subunit was visualized in 40-µm sections processed for immunoperoxidase staining with subunit-specific antisera raised against amino acids 1-16 of the α1 subunit (Gao et al., 1993) . Free-floating sections were washed 3 x 10 min in Tris buffer (Tris saline, pH 7.4, 0.05% Triton X-100) and incubated at 4°C overnight in primary antibody solution (1:20000) diluted in Tris buffer containing 2% normal goat serum. Sections were then washed 3 x 10 min in Tris buffer and incubated in biotinylated secondary antibody solution (Jackson Immunoresearch) diluted 1:300 in Tris buffer containing 2% normal goat serum for 30 min at room temperature. After additional washing, sections were transferred to the avidinperoxidase solution (Vectastain Elite Kit, Vector Laboratories) for 20 min, washed and MOL9936 processed using diaminobenzidine hydrochloride (Sigma) as the chromogen. Slides were air-dried, dehydrated with ascending series of ethanol, cleared with xylene and coverslipped with Eukitt. Changes in regional distribution of GABA A -R α1 subunits were analysed by light microscopy (Zeiss Axioplan microscope).
Ligand Autoradiography
Whole brains from 5 adult (11.6-12. 
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Significance of the differences between the mouse lines in each brain region was assessed with ANOVA followed by Tukey-Kramer post-test.
Fear Conditioning and MAC Determinations
At 8-12 weeks of age, 99 control, 154 heterozygous and 100 homozygous GABA A -R α1 global knockout mice, and 40 control and 37 conditional GABA A -R α1 knockout mice were studied.
Fear conditioning was performed as previously described (Eger et al., 2003) .
Briefly, animals were exposed to target concentrations of isoflurane in oxygen or oxygen alone (control) for 30 min, then placed in a gas tight training chamber containing the same concentration of isoflurane. After allowing 3 min for exploration of the training chamber, a 90-dB, 2-kHz tone sounded, co-terminating with a 2 sec footshock. This was repeated twice, with one min between tones. Footshock intensity varied between 1 and 3 mA as a function of anesthetic concentration to equalize the response of mice to the footshock. Animals were observed by closed circuit television.
The following day, fear to tone was tested by placing animals in a different context.
After allowing 3 min for exploration, the animals were exposed to a 90-dB, 2-kHz tone for eight min and then immediately returned to the animal's home container. Fear to context was tested later that day by placing the mice in the original training chamber for 8 min, with no tone imposed. Animals were observed by closed circuit television. Fear was assessed by behavioral freezing (i.e., immobility except for respiration) and was measured every 8 sec for 8 min per mouse by a blinded observer. The number of freezes out of the 60 measurements gave the probability of freezing ("freeze score") for
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Loss-of-Righting Reflex
Groups of 6-8 mice (8-19 weeks old; 15.9-33.1 g) were tested for loss of righting reflex (LORR) in individual wire mesh cages in a rotating carrousel enclosed in a sealed acrylic chamber as previously described (Homanics et al., 1997; Quinlan et al., 1998 Sleeptime.
The sleeptime (duration of the loss of the righting reflex) was used to assess the sedative/hypnotic effects of pentobarbital (45 mg/kg, i.p.) and zolpidem (60 mg/kg, i.p.).
Normothermia was maintained with a heat lamp.
Results
Production and Characterization of Genetically Engineered Mice. To test the role of
α1 GABA A -Rs in specific brain regions in anesthetic mechanisms, we set out to create conditional α1 knockouts in which the α1 gene was inactivated only in hippocampal pyramidal cells of the CA1 region. We obtained αCamKII-cre mice purported to induce postnatal hippocampal CA1 pyramidal cell-specific recombination (Tsien et al., 1996) .
However, when we crossed this mouse line with the Gt ( (data not shown) as originally reported by Tsien et al. (1996) . Thus, the pattern of recombination appears to depend upon the reporter mouse line used.
We next created tissue-specific conditional α1 knockouts by crossing αCamKII-cre transgenic mice (Tsien et al., 1996) with floxed α1 mice (Vicini et al., 2001) .
Immunohistochemistry with an α1-specific antibody showed a pattern of reduction of α1 staining in the conditional knockout mice that paralleled that observed in the
Gt(ROSA)26
Sor β-galactosidase reporter mouse study. This indicated successful creation of a forebrain-specific α1 knockout mouse line in which α1 is selectively inactivated in hippocampus, cortex, and amygdala. The pattern of staining was as follows. In control mice, α1 immunoreactivity was found on cell bodies and densely packed dendritic processes in all layers of the cerebral cortex ( Fig 1D) . Staining for α1
was decreased in the outer cortical layers (Fig 1E) of the mutant in a similar pattern to that shown in Fig 1C. A loss of α1 immunoreactivity was observed in the CA1 region and subiculum of the mutant hippocampus and to a lesser extent in the CA3 and dentate gyrus ( Fig 1H) compared to control ( Fig 1G) . The staining pattern follows the expected loss of α1 on pyramidal cells since α1 on this cell type is localized mostly to dendritic processes (Fritschy and Mohler, 1995; Sperk et al., 1997) . Note that staining does not completely disappear in these areas since the α1 gene was not inactivated in hippocampal interneurons as observed, for example, by the presence of α1-stained interneurons in the CA3 region of both control and mutant mice. A reduction in α1 staining was observed in the basomedial ( Fig 1K) and basolateral amygdala (not shown) of mutant mice compared to control ( Fig 1J) . Staining for α1 in other brain regions of mutant mice did not differ from control.
This article has not been copyedited and formatted. The final version may differ from this version. Fig. 2A) . The conditional knockout mice had significantly lower binding only in the cerebral cortex of the brain horizontal sections compared to controls ( Fig. 2A ; Table 1 ).
This ligand detects primarily the γ2 subunit-containing GABA A -Rs, irrespective of the α subunits in the receptor subunit complex (Lüddens and Korpi, 1996; Pritchett et al., 1989 differences in the thalamus and cerebellum (Table 1) , nor in the strongly labeled inferior colliculus (Fig. 2C ).
Global deletion of α1 subunits reduced the amnestic effects of isoflurane.
Homozygous global knockout mice were ~2.3 fold more resistant to the amnestic effects of isoflurane, as assessed by fear to context, compared to control littermates (p<0.05; Fig. 3A ). Mice heterozygous for the global knockout were also more resistant to the amnestic effects of isoflurane compared to controls (p<0.05; Fig. 3A ). Baseline freeze scores in the absence of anesthetic did not differ by genotype: wild type mice had a freeze score of 38.8 ± 6.8%, heterozygous mice 45.3 ± 5.5%, and knockout mice 40.7 ± 11.9% without anesthetic.
Genotype influenced the baseline responses for tone conditioning in the absence of anesthetic, making comparison of EC 50 s problematic. Wild type animals had a starting freeze score of 49.4 ± 9.6%, heterozygous mice 62.5 ± 4.8%, and knockout mice 77.8 ± 9.2%. This problem was surmounted, as noted below, in the conditional knockout of the α1 GABA A -R, where the different genotypes showed similar baseline responses.
Forebrain-specific deletion of α1 also reduced amnestic effects of isoflurane. For contextual fear conditioning, conditional deletion of the α1 GABA A -R increased the isoflurane amnestic EC 50 compared to controls by 145% ( Fig. 3B; p<0.001) . The baseline responses in the absence of anesthetic did not differ between genotypes (freeze scores were 58.1 ± 11.0% and 76.8 ± 6.7% for knockout and wild type mice, respectively; p = 0.18).
This article has not been copyedited and formatted. The final version may differ from this version. (Table 2 ). As would be expected from the importance of the spinal cord for the capacity of inhaled anesthetics to produce immobility, MAC did not differ between control and littermate forebrain-specific knockout mice for halothane or desflurane (Table 2 ). There was a small (11%) increase in MAC for isoflurane (p<0.05; Table 2 ).
Global knockout mice were less sensitive to the effects of halothane when compared to controls for LORR, but by only 19% ( 
Discussion
These studies reveal two novel findings about the mechanism of action of inhaled
anesthetics. First, we demonstrated that α1-containing GABA A -Rs contribute to the amnestic effects of isoflurane, as assessed by fear conditioning in two different mouse lines lacking these receptors. The more than two-fold increase in amnestic EC 50 s we observed is among the largest relative increase in anesthetic effect ever observed.
Secondly, these studies provide novel insight into the brain regions that are responsible for the amnestic effects of inhaled anesthetics. GABA A -Rs containing the α1 subunit in hippocampus, amygdala, and/or cortex appear to be critically important in the amnestic effects of isoflurane. This is the first demonstration of specific brain regions involved in this universal effect of inhaled anesthetics.
We found that mice that completely lacked the α1 subunit, i.e., global α1 knockouts, were 139% less sensitive to the amnestic effects of isoflurane as assessed by fear conditioning to context compared to control littermates (Fig. 3A) . These results parallel results from other studies that demonstrate that benzodiazepines cause amnesia by interacting primarily with the α1 subunit (Rudolph et al., 1999) .
We hypothesized that the hippocampus, because of its central role in learning and memory, mediates the amnestic effects of inhaled anesthetics. To test this hypothesis, we used conditional α1 knockout mice that selectively lacked the α1 GABA A -R subunit in forebrain structures including the hippocampus, cortex and amygdala. Like the global knockouts, forebrain-specific α1 knockout mice also resisted the amnestic effects of isoflurane. The EC 50 s for isoflurane increased 145 and 75% compared to control values for fear to context and tone, respectively (Fig. 3B, C) . Both
This article has not been copyedited and formatted. The final version may differ from this version. tone and context conditioning depend on the amygdala; in addition, context conditioning is hippocampus-dependent (Fendt and Fanselow, 1999) . Because this conditional knockout affected α1 subunits in the amygdala, it is not surprising that the amnestic effect of isoflurane decreased for both tone and context conditioning. Furthermore, the greater decrease in context conditioning may be attributed to the additional dependence on the hippocampus for this behavior.
In contrast to an important role of α1 GABA A -Rs in amnesia, these GABA A -R isoforms appear to contribute little to MAC. Global knockout mice did not differ in response to isoflurane for MAC. Conditional knockouts were slightly less sensitive to isoflurane but were normally sensitive to halothane and desflurane for MAC. Thus, the α1 subunit of the GABA A -R appears to contribute little to the mechanism by which these inhaled drugs produce immobility in response to a noxious stimulus. Studies of other GABA A -R mutant mice have also failed to find an effect of subunit deletion on MAC (Homanics et al., 1997; Mihalek et al., 1999) , although β3 knockouts and point mutants are an exception as they are modestly less sensitive to inhaled anesthetics (MAC is increased by approximately 20%) (Jurd et al., 2002; Quinlan et al., 1998) . These results from mutant mice are in accord with our pharmacologic studies demonstrating that GABA plays at most a minor role in the immobilizing effect of anesthetics (Sonner et al., 2003) .
GABA A -Rs containing the α1 subunit similarly do not appear to be key mediators of inhaled anesthetic action for the righting reflex behavioral endpoint. While global knockouts were slightly less sensitive to halothane for LORR, they did not differ in response to isoflurane.
Conditional knockouts did not differ from controls in response to
This article has not been copyedited and formatted. The final version may differ from this version. to find a robust effect of GABA A -R manipulation on the righting reflex for inhaled anesthetics (Homanics et al., 1997; Jurd et al., 2002; Mihalek et al., 1999; Quinlan et al., 1998) .
To produce the conditional knockout mouse line, we relied upon tissue-specific inactivation of the α1 gene using cre-lox technology. The mouse line used to direct tissue-specific expression of cre recombinase was a transgenic mouse line that had been reported to induce hippocampal CA1 pyramidal cell-specific recombination (Tsien et al., 1996) . We did observe CA1-specific recombination when we tested this transgenic mouse line by crossing with the Tg(xstpx-lacZ)32
And /J reporter mouse line (Zinyk et al., 1998) . However, we observed that this αCamKII-cre mouse line induced recombination in a much broader tissue-specific pattern when mated to the
Gt(ROSA)26
Sor reporter line (Soriano, 1999) and to our floxed α1 mouse line (see Fig.   1 ). We found recombination in CA1, CA3 and dentate gyrus of the hippocampus, the amygdala, and the cortex. benzodiazepine site ligand that has little subtype selectivity between α subunits, but the γ2 subunit is obligatory for its high-affinity binding (Lüddens and Korpi, 1996) . The small alterations in its binding to the cortical and hippocampal region of the forebrain-specific α1 knockout mice may reflect the fact that α1 is not inactivated in all cells in these brain , 1993) . This is consistent with the present findings as we observed the greatest reductions in the cortical and hippocampal regions. We also had global α1 knockout brains in the same assay, and they showed widespread reduction in both In summary, the immunohistochemical and autoradiographic analyses indicate that the conditional α1 knockout mice have regional alterations in GABA A -R subtypes restricted to forebrain. The differences in recombination patterns observed in the present studies and those of Tsien et al. (1996) are most likely due to differences in accessibility of the floxed loci to the recombinase. This may be influenced by differences in genetic background between mouse lines. The differences are not due to This article has not been copyedited and formatted. The final version may differ from this version. age-dependent changes in the pattern of cre expression since recombination was studied in mice at 8 weeks of age in the present studies and in those of Tsien et al. (1996) .
A caveat to these experiments is that global deficiency of a GABA A -R gene may induce compensatory changes in other genes and/or gene products (e.g., Brickley et al., 2001; Korpi et al., 2002b; Peng et al., 2002) . We have observed an increase in α2 and α3 subunits and a decrease in β2/3 and γ2 subunits in α1 global knockouts (Kralic et al., 2002) . Such changes should be less widespread in the conditional knockout animals.
Note that the magnitude of changes in amnestic and other effects did not differ between global and conditional knockout mice. However, it is possible that compensation occurred in cells of these conditional mice in which the α1 gene was inactivated. This caution must be considered when interpreting the results of our studies. Thus, compensatory changes, rather than a direct effect on α1-containing receptors could mediate the phenotypic changes in anesthetic responsiveness.
The gene knockin approach has recently been employed to determine the contribution of GABA A -R subunits to the behavioral effects of benzodiazepines and intravenous anesthetics (Cope et al., 2004; Jurd et al., 2002; Low et al., 2000; Reynolds et al., 2003; Rudolph et al., 1999) . These studies created individual mouse lines with point mutations that reduced/eliminated sensitivity to these drugs. The results provide compelling evidence for subunit specificity in behavioral response to these drugs.
Furthermore, these studies demonstrate that different anesthetics have different molecular mechanisms of action, and different mechanisms can mediate different behavioral responses to the same drug. The results presented here build upon these This article has not been copyedited and formatted. The final version may differ from this version. studies and suggest that inhaled anesthetics may also have distinct mechanisms of action for specific behavioral endpoints. These studies support the multisite agentspecific mechanism of anesthetic action (Pittson et al., 2004) .
In summary, using mice harboring global and conditional knockouts of the α1 subunit of the GABA A -R, we find that α1-containing GABA-Rs in the hippocampus, amygdala, and/or cortex are important molecular targets influencing the amnestic effects of the inhaled anesthetic isoflurane. By contrast, these receptors appear to contribute little to suppression of pain-evoked movement and righting reflexes by this inhaled anesthetic. 
